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ABSTRACT 
The program objective i s  t o  invest igate  the  deformation processes 
involved i n  the  f o r g n g  of re f rac tory  ceramic oxides. Mechanical t e s t i n g  
involving invest igat ion of both flow and f rac ture  processes a re  presently 
underway. 
Prelimin.ary r e su l t s  of a se r i e s  of multiple loading, bend t e s t s  on f ine-  
grained alunina a re  reported here. The mechanlcal r e s u l t s  show strong strain 
hardening ef fec ts  and an apparent Bauschinger e f f ec t .  Die f rac ture  condition 
i s  suggested t o  depend heavily upon a t t a in ing  a c r i t i c a l  s t r e s s ;  some i n -  
crease i n  t h e  f rac ture  s t r e s s  i s  indicated as a r e s u l t  of p r io r  s t r a i n  at  
lower s t r e s ses .  
Microstructural  examination of tested. specimens revealed extensive 
evidence f o r  grain boundary s l id ing .  The compressive surfaces revealed more 
deformatiori features  than the  t e n s i l e  surfaces; some of these features  a re  
suggestive of dis locat ion motion. 
was  presented; t h i s  may be responsible f o r  some of t h e  apparent s t r a i n  hardening. 
Evidence of s t r a i n  enhanced grain growth 
This work i s  being performed under the  sponsorship of the  NASA Head- 
quarters,  Office of Advanced Research and Technology, Besearch Division w i t h  ' 
M r .  J. Gangler as R-oject Monitor under Contract NMw-lwk-. 
The work i s  being performed at  t h e  Avco Corporation, Systems Division, 
Lowell, Massachusetts i n  the  Materials Sciences Departmeat under the  d i rec t ion  
of Dr. T. Vasilos. X.M. Cannon 5s i n  charge of t he  work and i s  being 
ass i s ted  by D r .  W,3. Rhodes. The authors wish t o  acknowledge the  a s s i s t a m e  
of B. MaeAllister i n  Mechanical Testing and t h e  microscopy of P.L Burnett 
and C.L. Houck. 
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I e IT\TTRODUCTION 
The objective of t h i s  program i s  t o  invest igate  %he fo rgab i l i t y  of 
t he  re f rac tory  oxides. The approach taken includes an invest igat ion of t he  
high temperature yielding and f rac ture  behavior of these materials i n  order 
t o  provide information and understanding which can thea be applied d i r e c t l y  
t o  forging problems. In  the  f i r s t  par t  of the  program emphasis has been o@ 
mechanical propert ies  s tud ies .  Forging experiments wiU be conducted l a t e r  
i n  the  program and correlated with these r e su l t s .  
The f irst  progress report ,  included reviews of the work and u.nd.ersterdicg 
t o  date of t h e  high temperature mechanical behavior OTthe oxides as wel l  es 
hot working e f f o r t s  with these materials.1 On t h e  bas& of t h i s  study, t ~ 5  
systems were iden t i f i ed  f o r  primary invest igat ion.  These were fine-grainez 
AI.203, doped t o  exhibi t  g a i n  growth, and MgO which wiU probably require  
temperatures i n  excess of 21OO0C i n  order t o  obtain suWicient t e n s i l e  ductili-1y. 
Spinel ( M g A l 2 O 4 )  was t en ta t ive ly  selected f o r  l a t e r  investigation. 
Some preliminary mechanical t e s t  r e s u l t s  on 1 - 2 ~  ~1203 were a l so  
These s tudies  were coritkued during t h i s  
Multiple loading i n  f l e m r e  was done i n  orcIer 
reported i n  the  l a s t  r e p 0 r t . l  
period and a r e  reported here.  
t o  invest igate  t h e  e f fec ts  of multiple s t ep  deformation, intermediate 
e f fec ts  a r e  pa r t i cu la r ly  relevant t o  forging and a l s o  pmvide ins ight  i n t o  
fundamental mechanical processes and mechanisms. 
included extensive microstructural  as w e l l  a s  mechanicd observations. 
x - s ~ ~ ! ~ z ~  rC-d-ci-GC3 I G . G i l i i a  311 the uieclialical b e i l a ~ ? ( ~  - T'IIPSP V R T ~ O U S  
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The kTes t iga t ion  has 
, 
' 11. IVECHAIKCAT, TEST' RRSTTTTS 
A s e r i e s  of multiple loading, bend. t e s t s  on f ine-Sained A11203 i s  i n  
progress and t h e  r e s u l t s  a r e  being analyzed. The t e s t  gxocedure involves 
bending a specimen i n  four-point loading t o  a selected &ra in  and then 
reversing the  bar and bend-ing it back again. The procws i s  then repeated 
so the  bar i s  bent through the  range of - € t o  -t G an each cycle. The 
maximum s t r a i n  value allowed by the  apparatus i s  4 t o  y$ depending upon 
specimen s ize .  The t e s t s  t o  date have been done p r i m a a y  a t  1450OC over a 
range of s t r a i n  r a t e s .  The e f f ec t s  of unloading and of kolding a t  temperatiize 
fo r  various times a r e  a l s o  being invest igated i n  order %XI Cietermine whether 
some benef ic ia l  recovery resu.lts. 
Testing i s  done i n  four-point f lexure i n  an argonatmosphere f i rnace.  
The load is  recorded continuously versus t i m e .  Deflec"&@n i s  measured v i t h  8 
probe system converted t o  an LVDT which i s  a l s o  continwmsly recorded versus 
time i n  order t o  be able  t o  determine s t r e s s ,  s t r a i n  an$ s t r a i n  r a t e  throu.g:- 
out t he  t e s t .  
Reduction of t he  bend t e s t  data t o  s t r e s s - s t r a i n  curves has proved. t o  
be somewhat more d i f f i c u l t  than expected. A techniqve k s  been previously 
developed f o r  reducing a s e r i e s  of bend t e s t s  t o  s t ress -s t ra in  curves using 
t h e  r e l a t ions  f o r  outer f i b e r  stress of2: 
c =  (2 3- nb f mb) 
bh2 
-2 - 
where 
where I! i s  the  bending moment, fl t he  inc,J.ded angle o 
( 3  1 
bending, @ t he  
r a t e  of bending and b and 'la the  'specimen width anu height;, respect ively.  
The quant i t ies  nb and q, a r e  determined empirically and generally depend 
somewhat upon 9 and . Several unexpected fcs tures  have been revealed 
which complicate the  analysis .  Apparent y i e l d  phenomena r e su l t i ng  i n  d i s -  
cont inui t ies  i n  some of the  curves make appl icat ion of thcse techniques more 
complicated. Further, markedly lover loads on reversa l  a r e  observed. These 
a r e  thought t o  indicate  a reduced flow stress on r eve r sa l  (Bauschinger e f f ec t ) ;  
however, t he  p o s s i b i l i t y  of a contribution from Eon-l inemit ies  i n  t h e  s t r e s s  
d i s t r ibu t ion  due t o  curvature and res idua l  s t r e s ses  a r e  &so being analyzed. 
Since the  analysis i s  not yet complete, t he  r e s u l t s  presented here 
have been obtained using the  approximate e l a s t i c  equation i n  order t o  
provide some comparative numbers; t he  usual  equation has been used for t he  
a.d$ey f5k-y s t ; r e c s :  
6 M  ( r =  - 
bh2 
Comparison with equation (1) indicates  t he  order of e r ro r  t o  be expected. 
I n  previous work 
nb may be as high as 0.4 so tha t  the  s t r e s s  leve ls  shown are  approximately 
correct;  some of t he  f i n e  points,  however, may not be i n  the correct  
perspective-because of the  dependence of nb and q, on p and 8 . 
was shown t o  be approximately 0.6; t M s  work shows t h a t  
Two composite s t r e s s - s t r a i n  curves a r e  presented i n  Figures 1 and 2 
i n  which the  absolute s t r a i n  has been added. 
a difference i n  s t r a i n  r a t e  of nearly an or'der of magnitaiie. A similar curve 
for a t e s t  a t  an intermediate r a t e  was  presented i n  the  f2rst r e p 0 r t . l  
These two curves represent 
Several i n t e re s t ing  fea tures  can be seen i n  a l l  of these which a re  
The i n i t i a l  flow s t r e s s  has a high 
mese  t e s t s  were 
t y p i c a l  of addi t iona l  similar t e s t s .  
s t r a i n  r a t e  s e n s i t i v i t y  as  has been previously reportede3 Signif icant  
r a t e  s e n s i t i v i t y  i s  s t i l l  observed at higher s t r e s ses .  
done near t he  lower speed l i m i t  of t h i s  pa r t i cu la r  t e s t  machine where the  
speed control  and uniformity i s  not as good as  desired.  
i n  the curves i s  caused by s m a l l  changes i n  t h e  cross-head velocity.  Some 
of t h i s  may be aggrevated by non-uniform s l id ing  along %he knife edge although 
every attempt has been made t o  eliminate t h i s  or other f r i c t i o n a l  e f f e c t s ,  
Some of t he  waviness 
Since t h e  curves have not yet  been reduced t o  t r u e  s t r e s s - s t r a in  
curves and because of the  fu r the r  uncertainty caused by the variable cross- 
head velocity,  t he  f i n e  points of t he  curves cannot be interpreted with 
cer ta in ty .  Nevertheless, there  a r e  severa l  fea tures  wliieh a re  reproducible 
and s igni f icant  enough t o  be worthy of comment a t  t h i s  time, 
-3 - 
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pasL
aA
a8 
urn O'T 
pa sJana8 
-5 - 
The curves a l l  tend t o  have the  same general shape and fea tures .  There 
i s  an i n i t i a l  region i n  which the  s t r e s s  ra ther  qiliclily builds up t o  a 
pa r t i cu la r  l e v e l  and then remains approximately constant f o r  a while. Some 
of the  curves suggest t h a t  there  may be a strong yield phenomenon involved; 
however, the  uncertainty introduced By s m a l l  chaxges i n  r a t e  preclude such 
a conclusion at  t h i s  t i m e .  These changes may a l s o  be responsible f o r  those 
curves i n  which t h i s  region i s  not completely f la t .  
After a small amount of s t r a i n  ( typ ica l ly  0.5 t o  as much as E$), a 
region of rapid s t r a i n  hardening occurs which lasts f o r  several  percent 
s t r a i n .  As t he  s t r e s s  l e v e l  increases t h e  r a t e  of hardening decreases some- 
what although this e f fec t  appears t o  be influenced somewhat by the  ac tua l  
s t r e s s ,  s t r a l n  and r a t e .  
be higher a t  higher s t r a i n  ra tes ;  however, t h i s  does not hold. i nde f in i t e ly  
because of t h e  high s t r e s s  leve ls  which a re  rap id ly  reached a t  the  higher 
r a t e s .  
The l i nea r  r a t e  of s t r a i n  hardening appears t o  
Unloading and reloading i n  t h e  same d i rec t ion  r e s u l t s  i n  rap5.d loading 
up t o  e s sen t i a l ly  the  same s t r e s s  leve l .  There i s  generally a s l i g h t  
amount of recovery indicated by some non-l inear i ty  i n  the  curves before 
reaching the  previous s t r e s s  leve l .  A s ign i f icant  reduction i n  stress by 
recovery cmnot k ebtalned even by hc17tf5ng a t  t.eqerr?.turP f o r  TXC %ham pr 
s t r a i n  r a t e .  
I hour before reloading. The new s t r e s s  l e v e l  is, however, sens i t ive  t o  
I 
Reloading i n  t h e  opposite d i rec t ion  r e s u l t s  i n  a marked redxj.ction i n  
*i, n,- -3-L 2 -  - - 1 - l - - .  1 ___. L . I . V L +  -n I?.- 
u u L  L L u w  1 3 u L c ~ D .  . ~ b  ID b y p i L a i i y  5,uuu-b im11 UI b i i c  ~ L ~ c z j i i  at Llic p u i u l  vi' 
unloading. 
t h e  p o s s i b i l i t y  of addi t iona l  contributions from non-linear s t r e s s  d i s t r ibu t ions  
a re  being analyzed. 
on reversal ,  but a short  period of low s t r a i n  hardening, similar t o  the  
i n i t i a l  y ie ld  period, i s  a l s o  seen. 
This i s  thought t o  be the  r e s u l t  of a Bauschinger e f f ec t  although 
Not only i s  p l a s t i c  flow i n i t i a t e d  a t  a lower s t r e s s  
With each successive cycle, t h e  hardening e f f ec t s  become more pronounced. 
The region of constant y ie ld  s t r e s s  becomes shor te r  and the Bauschinger 
effect  becomes somewhat reduced. I n  addition, t he  l i nea r  r a t e  of work 
hardening, taken from the  s teepest  port ion of t he  curve a f t e r  rexrsa l ,  
increases with successive cycles. 
Although t h e  i r r e g u l a r i t i e s  i n  the  curves and the  d i f f i c u l t i e s  i n  
the  analysis  obscure some of t he  f i n e r  points,  the  general trends described, 
a l l  support t h e  view t h a t  t he re  i s  a s t rong process of s t r a i n  hardening 
which becomes important a f t e r  a couple of percent s t r a i n .  This apparently 
i s  highly d i rec t iona l ,  but cycl ic  s t r a in ing  appears t o  eventually increase 
t h e  hardening i n  both direct ions.  
Specimen FLUX-33 was given a 1-hour anneal at  15OO0C between t h e  s i x t h  
and seventh cycle t o  dete-mine whether recovery would r e s u l t .  
annealing temperatures a re  thought t o  be l e s s  desirable  because of grain 
growth. 
the  flow s t r e s s .  It did, however, seem t o  make the  yield e f f ec t  more 
pronounced. 
-Eigher 
Even t h i s  treatment did not r e s u l t  i n  any s igni f icant  reduction i n  
-6 - 
Continued t e s t i n g  of these bars ,  eventually became impractical  
because s t r a i n  hardening eventually caixsed much of t he  s t r a i n  %o 0ccu.r 
out of the  gage sect ion a s  shown i n  Figure 3. This resulted. i n  the  s t r a i n  
d i s t r ibu t ion  becoming s o  non-uniform t h a t  the  nominal conditions f o r  t he  
bar were not s a t i s f i e d  wel l  enough t o  continue t e s t ing ,  
The bars  were always examined between cycles f o r  evidence of crack 
formation. As  previously reported, t h i s  mater ia l  indica€ed an a b i l i t y  t o  
withstand r a the r  la rge  cracks without f a i l u r e  a f t e r  sone s t r a i n  was 
accumulated. The r e s u l t s  t o  date  suggest t h a t  crackingusual ly  begins t o  
occur when the  apparent s t r e s s  reaches about 15 K s i .  
s t r a i n  accumulaked before t h i s  s t r e s s  l e v e l  i s  reached, t he  l e s s  l i k e l y  and 
l e s s  ser ious the  cracks w i l l  be. 
of s t r a i n  r a t e  on f r ac tu re  is  t o  allow more s t r a i n  t o  aascumulate before the  
flow s t r e s s  builds up su f f i c i en t ly  high t o  cause cracking. 
enhanced by increased crack res i s tance  r e su l t i ng  from accumulated s t r a i n .  
Emever, the  more 
This suggests t h a t  the la rges t  e f f ec t  
This e f f e c t  i s  
Comparison of Figures 1 and 2 ind ica te  fu r the r  t h e  e f f ec t  of low s t r a i n  
rate arrrd s t r a i n  hardening i n  increasing the t o t a l  s t r a i n  before f a i l u r e .  
A t  the  high r a t e  specimen FLUX-31 f a i l ed  i n  the second cycle after about 16% 
t o t a l  s t r a i n .  Specimen FLUX-33, however, showed no cracking u n t i l  a f t e r  
the  f i f t h  (375 t ~ t z l  ctra-in) 1Y=ricyi a X E ~ U  crack appsued, EJKIZLL ,211 
Figure 4, which d id  not propagate. Even a f t e r  the  s ix th  cycle the  other 
s ide  which W ~ S  run a t  a s l i g h t l y  lower r a t e  irhile i n  temion  had no v i s ib l e  
cracks a I n  t h e  seventh cycle (approximate l y  50% t o t a l  s t r a i n ) ,  apparent 
s t r e s ses  oPer 20 m i  were developed, but t h e  crack only propgated  a small 
~ U U U K ~ ~  Yurther. Specimens tes ted  a t  intermediate rates showed intermediate 
behavior. 
I11 e MICROSTRUCTURAL EXAMINATION 
Yticroscopic examination i s  being done on severa l  sf the  specimens i n  
order t o  provide mechanistic understanding and t o  assess t h e  probable 
e f f ec t s  of forging on the  mater ia l  propert ies .  Electron microscopy using 
a double rep l ica t ion  technique has been used t o  date.  
l i m i t s  the  usefulness of op t i ca l  microscopy. Transmisslan microscopy 
through t h i n  f o i l s  i s  planned fo r  l a t e r  i n  the program &en an ion thinning 
device becomes avai lable .  
!&e f ine-grain s i z e  
Extensive examination has been done on rep l icas  from t he  as- tes ted 
surfaces on which thermal etching reveals  mahy features  and i n  which apparent 
deformation fea tures  can be seen, some of which a re  not f u l l y  understood 
at t h i s  time. The grain boundary regions a re  generally d is tor ted  indicat ing 
local ized shear and probably some migration of the  boundaries. 
and displaced t r i p l e  grain junctions, as  shown i n  Figure 5, a r e  ra ther  
frequent, although these a r e  more exaggerated than usual. The boundaries 
eventually become ra the r  wide and i n d i s t i n c t .  
advanced view tha t  grain boundary s l i d i n g  (GBS) i s  a s i w i f i c a n t  pa r t  of t he  
deformation mechanism. 
Distorted 
This supports the  previously 
I d  
The t e n s i l e  surfaces take much longer t o  deyelop deformation surface 
features  than d-o t he  compression surfaces .  The t e n s i l e  surfaces appear 
only s l i g h t l y  d i f fe ren t  than untested, thermally etched samples f o r  the first 
few cycles whereas the  compression surfaces a re  extrepely irregulacr a f t e r  
-7- 
5172-5 5x 
Figure 3 .  Specimen FLUX-33 Mter Testing Showing the  
Non-uniform S t ra in  Caused by More Ragid 
Hardening of t h e  Gage Section. 
-8- 
. -  
5172 -2 
5i72-6 (b ) 20x 
Figure 4. Crack i n  Specimen FLUX-33. This developed during 
the  5th cycle (a) and enlarged- s l i g h t l y  a f t e r  t h e  
7th cycle (b). 
-9- 
bg1048 
Figure 5. 
(b 1 30, ooox 
Surface Replicas Showing Distorted Boundaries and 
Triple  Grain Junctions. 
from the  compressive surface of FLWE-32 a f t e r  the  
t h i r d  cycle and the lover i s  from the t e n s i l e  
surface of FLUX-33 a f t e r  t h e  sixth cycle. 
The top fsgure (a)  i s  
-10- 
t h e  first cycle. After subsequent cycles the  Paces look more similar ;  
however, t he  compressive surfaces always show more surface tex ture  (thermal 
etching excepted) and more i r r egu la r  bound-aries. 
Specimen FLUX-33 can be seen i n  Figures 6 and 7. 
f u l l y  understood at  t h i s  time, however, they a r e  being considered both i n  
terms of the  e f f ec t  on deformation behavior par t icu lar ly  with respect to 
twinning and s l i p  and i n  terms of t he  etching differences.  
Exarliples of t h i s  from 
The causes of this a r e  not 
Several of these features  suggest dis locat ion s l i p ,  pa r t i cu la r ly  i n  the  
compressive surfaces.  
a r e  suggestive of s l i p  band. boundary in te rsec t ions .  I n  addition, s teps  on 
t h e  surfaces a r e  frequently seen which a re  thought t o  be d i f fe ren t  from the  
thermal e tch facet ing.  Examples a r e  shown i n  Figure 8. 
these may r e s u l t  from the  emergence of f i n e  s l i p  bands t o  the  surface.  
The sharp jogs i n ' t h e  grain boundary i n  Figure 5a 
It i s  suggested 
I n  order t o  ensure the  general i ty  of these r e s u l t s  some polished and 
etched sect ions from the  i n t e r i o r  have a l so  been examined. I r regular  or  
curved boundaries with badly d is tor ted  t r i p l e  junctions and wide or double 
boundaries a r e  frequently found. as shown i n  Figure 9. These e s sen t i a l ly  
support t he  surface observations indicat ing extensive GBS. 
evidence of dis locat ions has  been found; however, no r e l i ab le  procedures 
w e  known for  Gisiocahion decoration or etch ?ir,t;ing t 'nr dumina ot,' -MIS 
f i n e  grain s i ze .  The competitive etching of t h e  boundaries makes etching 
t o  resolve etch p i t s  d i f f i c u l t .  The cause of t h e  f i n e  spots i n  Figure 9a 
and the  in t ragra in  surface features  i n  Figure 9b are not present ly  under- 
stood, but may be only etching a r t i f a c t s .  
No posi t ive 
Comparison of Figures 6 and 7 indicakes t h a t  some grain growth occws 
during the  t e s t ;  it i s  not ce r t a in  a t  t h i s  time whether t h i s  i s  only a 
surface e f fec t  or not. Previous work has shown a strong grain s i z e  
dependence on the flow stress i n  fine-grained alumina so t h a t  t h i s  may 
explain some of %&increase i n  flow s t r e s s  with successive cycles. 
grain s i z e  was measured on one or t he  other of the  surfaces a f t e r  each cycle 
for  two specimens and similar measurements were made fo r  a control specimen 
which w a s  put i n t o  t h e  hot zone i n  various t e s t s .  The r e s u l t s  a r e  shown i n  
Table I; they a r e  uncorrected l i nea r  intercept  values measured from photo- 
graphs. 
The 
The lack of resolut ion of t he  boundaries i n  the  compression surfaces 
prevented measurement of t he  grain s i z e  i n  a couple of instances.  These 
data show tha t  grain growth occurred and t h a t  it w a s  enhanced by t h e  con- 
current deformation. Specimen FLUX-32 had a t o t a l  straZn range of lo$ a t  
a higher r a t e  than FLUX-33 which had an average s t r a i n  range of only 7.7$, 
so t h a t  the  ac tua l  time per cycle was s l i g h t l y  shorter  f o r  FLUX-32. This 
indicates  t h a t  t h e  amow-t of grain growth per .  cycle i s  increased by a higher 
s t r a i n  per cycle.  S t ra in  enhanced grain growth i s  perhaps not surpr is ing 
i f  the deformation involves GBS accompanied by some concurrent boundary 
migration. 
hardening and must be included i n  any mechanistic arguments. 
This amount of grain growth may cont r ibu te ' to  an apparent s t r a i n  
li 
I V ,  DISCUSSION 
The mechanical t e s t  r e su l t s  indicate  several  surpr is ing features  which 
were not fully expected on the  basis of pre-vious work a t  low s t r a ins .  The 
b 
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691015 (b 1 7500x 
. Figure 6. Compressive and Tensile Surfaces after the 1st 
and 2nd Cycles, Respectively, for Specimen FLUX-33. 
1' 
b 
-12- 
691043 (b) 7500x 
Figure 7. Compressive a d  Tensile Surfaces after the 6 th  
Cycle f o r  Specimen FLUX-33. 
b 
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69946 30, 000X 
30, 000x 691053 (b) 
Figure 8. Fine Surface Steps Seen Primarily on Compresion 
Surfaces Which are Suggestive of Fine S l i p  Bands. 
The top  f igure  i s  f r o m t h e  compression surface of 
FLUX-32 a f t e r  the  t h i r d  cycle; t he  lower one i s  
from the compressive surface of FLUX-33 a f t e r  
t h e  s ix th  cycle. 
-14- 
70254 30, OOOX 
70262 (b ) 30, ooox 
Figure 9. Polished. and a c h e d  Cross-Sections from Specimen 
FLUX-30 Showing Distorted Boundaries aiid Triple 
Junctions. 
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TABU I 
GRAIN GROWTH I N  SUCcrESSIvE TEST CYCUS AT 145OoC 
FLUX 
Cycle FLUX-32 FLUX-33 Control 
I n i t i a l  1.08 p ,  A - - 
1 1.70 P> A - 1.28 p- 
5 
6 
7 
++ 15OO'C Annea.1, 1 hr.  
1.96- p, k 
2.24 p, B 
The ac tua l  surface from which the  measurement ms 
taken i s  denoted by A or  B. 
-16- 
apparent y ie ld  phenomena, t h e  s t rong work hardening region and t h e  
Bauschinger e f f ec t  a l l  suggest t h a t  t he  GBS process inxmlves addi t ional  
s l i p  and i s  not simply a viscous process i n  combination with d i f fus iona l  
creep. 
dis locat ions a t  the  boundaries .3,$ This work i s  taken %a supyort t h a t  
suggestion. 
It has previously been su gested t h a t  GBS i n  alumina involved some 
The microstructural  d-a ta  provides unequivocal support f o r  a mechanism 
involving GBS. It too, however, suggests t h a t  an addi t lonal  contribution 
from crystallographic processes such as s l i p  i s  inportant.  The problem 
of concurrent grain growth fur ther  complicates interprekation of t h e  data 
and will be considered more extensively. Further discussion of deformation 
mechanisms i s  held. u n t i l  t he  analysis of t he  f l exura l  data i s  complete and 
some of t he  microstructural  uncertaint ies  are resolved. 
The s t rong apparent stress dependence on f rac ture  i s  somewhat surprising. 
It was i n i t i a l l y  expected t h a t  la rger  s t r a ins  would lead t o  reduced f rac ture  
stresses as t h e  r e s u l t  of intergranular  separation. ThZs type of in fomat ion  
is extremely valuable i n  in te rpre t ing  failure problems i n  forging and 
extending forgabi l i ty .  
d i rec t iona l  s t ra in ing .  Mechanistic understanding of this f rac ture  behavior 
must be correlated with t h e  deformation mechanisms. 
Similar understanding must be developed f o r  uni- 
TT. FuTlTEiE WORK 
During the  next quarter  the  analysis of t he  bend -bests w l 1 l  be finished. 
An addi t ional  s e r i e s  of bend t e s t s  i s  plamied in ord-er t o  prosride more 
IrL-LWUIL --,,a ull uIlc w a L ~  ~tit. ;.cpeuGwc:t: uf the  p i a s t i c  flow i n  n n e -  
grained alumina. After t h e  f l exura l  t e s t s  are complete8 a series of to rs ion  
tests will be i n i t i a t e d  t o  provide further4, more accura-ke flow stress 
informaCion a t  higher s t r a ins .  Tensile t e s t i n g  i s  a l so  planned t o  allow 
t e s t i n g  t o  f a i l u r e  at  large s t r a i n s  i n  order t o  provide more information 
on f rac ture  behavior e 
*nl-?n.hln 2 - A -  ..- J - L -  
The i n i t i a l  forgings are a l so  planned f o r  t he  nexk quarter.  I n i t i a l  
e f for t s  will be on a deep drawn hemisphere, 
closed d i e  forging of a r i b  and web type of configuration. 
Considerathn i s  a l so  being t o  
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